Metastable Ti 1-x Al x N (0 x 0.96) alloy thin films are grown by reactive magnetron sputter deposition using a combination of high-power pulsed magnetron (HIPIMS) and DC magnetron sputtering (DCMS). Layers are deposited from elemental Ti and Al targets onto Si(001) substrates at 500
INTRODUCTION
Thin films of metastable NaCl-structure Ti 1-x Al x N exhibiting high hardness and good high-temperature oxidation resistance are of increasing scientific and technological interest due to applications ranging from wear-resistant coatings on high-speed cutting tools (Refs. 1 and 2) to use as bio-implant coatings (Ref. 3) . Enhanced high-temperature performance is obtained for alloy films with high AlN contents. Film growth parameters have been shown to dramatically affect kinetic solid solubilities of wurtzite-structure AlN in cubic TiN (Ref. 4) . At thermodynamic equilibrium, the solubility of AlN in TiN is only 2 mol% at 1000 C (Ref. 5 ) and increases to 5 mol% at 2425 C (Ref. 6 ). Calculated Ti 1-x Al x N mixing enthalpies are positive over the entire composition range and reach a maximum at x ¼ 0.68 (Ref. 7) . Nevertheless, metastable NaCl-structure pseudobinary alloys can be obtained by physical vapor deposition (PVD) due to kinetically-limited low-temperature growth and low-energy ion-irradiation-induced dynamic mixing in the near-surface region. Reported kinetic AlN solubility limits in cubic Ti 1-x Al x N alloys are typically x max $ 0.50 for dc magnetron sputter (DCMS) deposition at film growth temperatures T s = 500 C (Refs. 8 and 9) , while x max values up to 0.66 have been reported using cathodic arc evaporation (Refs. 10 and 11). However, the resulting films have very high compressive stresses, up to À5 GPa (Ref. 12) for DCMS and À9.1 GPa (Ref. 13 ) for arc-deposited films.
Recently, we have shown that single-phase NaCl-structure Ti 1-x Al x N alloys with x 0.64, combining high hardness and low residual stress, can be grown by a hybrid technique consisting of reactive high-power pulsed magnetron sputtering (HIPIMS) of Al and DC magnetron sputtering (DCMS) of Ti targets (Al-HIPIMS/Ti-DCMS) (Refs. [14] [15] [16] . In distinct contrast, Ti-HIPIMS/Al-DCMS Ti 1-x Al x N layers with x > 0.41 are two-phase mixtures, NaCl-structure Ti 1-x Al x N plus wurtzite AlN, which exhibit low hardness with high compressive stress due to an intense energetic Ti 2+ metal-ion flux incident at the growing film surface.
Here, we employ x-ray photoelectron spectroscopy (XPS) to investigate the electronic structure of Ti 1-x with respect to the sample surface normal; recoils are detected at 45 .
X-ray diffraction (XRD) and transmission electron microscopy (TEM) analyses reveal that Ti 1-x Al x N films with x 0.41 are 002-oriented polycrystalline, NaCl-structure, single-phase alloys. Films with composition 0.53 x 0.67 have a two-phase, cubic plus wurtzite, structure with random orientation; films with x ! 0.73 have the wurtzite structure. XPS analyses are carried out with monochromatic Al K a radiation (h = 1486.6 eV) following sample sputter-cleaning with 4 keV Ar + ions incident at an angle of 70 with respect to the surface a)
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normal. Ti 2p, Ti 3s, Ti 3p, Al 2p, Al 2s, N 1s, and valence band spectra are presented. Ex Situ Preparation/Mounting: Ti 1-x Al x N (0 x 0.96) thin films are grown on Si(001) substrates at 500 C by hybrid reactive Ti-HIPIMS/Al-DCMS co-sputtering from elemental Ti and Al targets (Refs. 14 and 15). Film growth is carried out in mixed Ar/N 2 atmospheres at a total pressure of 3 mTorr with a N 2 /Ar flow ratio of 0.2. A bias of À60 V is applied to the substrate in synchronous with the HIPIMS pulses (Ref. 25) . Except for Ti 1-x Al x N layers with AlN concentrations x > 0.80, film composition is controlled by varying the power P dc to the dc magnetron from 0 kW (x = 0) to 3 kW (x = 0.80), while maintaining the average HIPIMS power P HIPIMS constant at 5 kW (10 J/pulse, 500 Hz, 10% duty cycle). For growth of Ti 1-x Al x N layers with x > 0.80, P HIPIMS is decreased to 2.5 kW (5 J/pulse, 500 Hz, 10% duty cycle) and P dc is set at 2.5 (x = 0.92) and 3 kW (x = 0.96).
In Situ Preparation: Prior to XPS analyses, TiAlN surfaces are sputter-cleaned with 4 keV Ar + ions incident at 70 with respect to the surface normal. The ion current density is 12.7 mA/cm 2 and the beam is rastered over a 2 Â 2 mm 2 area for two min, corresponding to the removal of 32 nm from a polycrystalline Ta 2 O 5 reference sample. XPS spectra are obtained from a 0.3 Â 0.7 mm 2 area at the center of the sputter-cleaned region.
Pre-Analysis Beam Exposure: not applicable, sample insensitive to X-rays
Charge Control: No charge compensation was used during measurements. C 1s recorded prior to sputtering was only used to confirm calibration of the binding energy scale. Spectra included in this submission are after sputter-cleaning and are not shifted in any way from the original positions. This is because we find that the position of the Fermi Level cut-off coincides with "0" of the binding energy scale. .lib" -in this table the sensitivity factor for the F 1s peak is set to 1).
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